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This document constitutes the final scientific report for the period

t 15 October, 1975 to 11~. July, 1976.

The objective of this program is the determination of the characteristics

and capabilities of laser amplifiers and oscillators based on the stimulated

emission of radiation by free electrons in a spatially periodic magnetic field.

The previous effort in this program was directed towards the measurement of

the single pass gain and the dependence of the gain on electron energy and

current, the electron beam radius and divergence, and the amplitude of the

magnetic field. The results of this effort are summarized in the previous

reports and publications (see Phys. Rev. Letts. 
~~~ , 

p. 717, 1976).

The program is motivated by the potential of this class of device for

tuneable operation at high power and high efficiency. The prospects were

reviewed in detail at the Quebec Synchrotron Radiation Conference in May,

1976. A copy of the conference manuscript is enclosed.

While the experimental results have largely substantiated our under- . 
.

~
. 

-

standing and expectations, several important characteristics could not be

evaluated in the single pass gain measurements. These measurements yielded

only a lower bound on the power density for saturation and no information was

obtained regarding the statistical fluctuations in the ene rgy lost by the

electrons in the interaction region. The statistical fluctuations, in j

particular, will play an important role in the operation of this class of

device at high power and theoretical estimates of the e f f ec t  d i f f e r .  It

is clearly important to acquire some experimental data on these effects.
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Data on these effects would be obtainable form a low power “single

pass” oscillator in which the electron beam would make a single pass

through .the interaction, region. Other useful information could be ob-

tained from the oscillator and an oscillator of this type could also

serve as a useful source of radiation for spectroscopy, material science,

and photochemistry. These reasons Constitute the rational for our efforts in

this period’.

The work accomplished during this period included (1) the design and

construction of a laser oscillator based on the magnet used in the earlier

single pass gain measurements, (2) the operation of the oscillator below

threshold and the evaluation of the performance of the components of the

oscillator including the measurement of the losses of the oscillator’s

optical resonator, (3) the design of a system to raise t±~ peak current of

the accelerator to the value required for operation of the oscillator above

threshold, and (1~.) the development of a theoretical technique based on

Feynman’s path integral for the analysis of laser operation in the large

signal regime.

Oscillator Design and Construction: Development of the oscillator

involved the development of an optical resonator to provide feedback

around the interaction region within the helical magnetic field and the

r development of a system to transport the electron beam from the electron beam

line to the optical axis within the interaction region.
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The oscillator design is indicated schematically in Figure 1

and a photo of the system appears in Figure 2. The resonator design

was based on the calculations of Abrams,’ Degman and Hull ,2 and consis t

of a pair of 6.6 meter radius spherical mirrors spaced approximately 3 meter

from the ends of the interaction region. The design follows from the circum-

stance that at lOu  radiation propagating through the 10.5 mm copper tube

enclosing the interaction region is constrained by the conducting wall:

to assume the form of a waveguide mode. The resonator was designed to

minimize losses for radiation in the fundamental El!11 
mode.

The resonator mirrors were mounted on NRC honeycomb tables. The orien-

tation of the mirrors and the length of the resonator could be set remotely

from the control room. Retractable mirrors were provided within the inter-

action region to couple the radiation from the TEA laser to the optical axis.

It was thus possible to measure the gain during the oscillator experiments

using the same techniques as in the earlier single pass gain experiments.

Also, a CO2 plasma tube was installed in the resonator. The system could

thus be operated as a conventional laser oscillator to check the resonator

alignment.

In the earlier single pass gain measuremaits the optical axis was

coincident with the electron beam line. For the oscillator the helical

magnet was translated one meter from the beam line and it was necessary

to design a magnet system to deflect the electron beam from the beam line

onto the optical axis. This was accomplished by means of a pair of iron

core chicane magnets . As in the earlier experiments, air core coils were

R. L. Abrams, IEEE J. Quantum Elect. ~3 , O3~ ( l9l;~) .
2 j~ i. Degman and D. R. Hall, IEEE J. Quantum Elect. 

0, LJT~l (1973).
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used as verniers to steer the beam to the laser experiment and to center

the beam in the interaction region.

Operation of the Osci llato r: Tests of the apparatus were conducted

using an accelerated electron beam in January 1976. A 2~ MeV beam was

transported through the interaction region and measurements were made of

the total power and spectrum of the radiation from the oscillator. The

experiment revealed several problems with the beam transport system and

the resonator including loss of current on the beam position monitoring

foils and susceptibility of the resonator to vibration. The optical

characteristics of the resonator were established using the CO
2 

plasma

tube. The CO
2 

amplifier provided sufficient gain to bring the system

above threshold independent of the electron beam. Thus, the resonator

mode pattern could be studied with the electron beam off. Also, the gain

of the amplifier was measured as a function of plasma tube current; the

current required to cross threshold with the plasma tube within the

resonator yields a value of the resonator losses.

The resonator loss was much larger than anticipated and a major

effort was undertaken to identify the mechanism(s) responsible .

The ioss per pass for the waveguide resonator was estimated theoret-

ically at 3% . This is the sum of the 1% mirror transmission, the

theoretical diffraction losses of 2% and the waveguide attenuation

estimated from the optical constants for copper to be less than C. 5%.

The measured loss for the system is approximately 16%

—
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We have measured the loss associated with each component of the

resonator. The difference between the theoretical and measured resonator

losses can be accounted for by the attenuation and mode conversion in

the copper waveguide . The waveguide attenuation was measured by focus-

sing the TEA CO
2 

laser to a 3.3 mm waist at the entrance to the guide .

The arrangement coup les 98% of the incident power to the EH11 waveguide

mode . Measurements were made of the total incident power and the power

emerg ing from this guide . A theodolite was used to align the optical

axis with the waveguide axis . The position and angle of the incident beam

were trimmed after alignment to minimize attenuation. The measured at-

tenuation for the 6 meter tube length was 8% . This is an order of mag-

nitude greater than the lOSS estimated from the optical constants for

copper. Measurements have also been conducted of the attenuation in a

2 meter s traight section of copper tube of the same diameter and type as

the tube lining the magnet bore . There was no measureable attenuation .

The observed attenuation in the magnet bore must evidently be

related either to the condition of the surface of the waveguide or the

curvature of the bore . We have measured the absorption coefficient for

10 ~ radiation at grazing incidence on copper. At an angle of incidence

of 50 milliradians the absorp tion coefficient for burnished o~iic

copper is 2% . This incre~~ed to 10% when the reflecting surface was

coated with an oil film or a heavy oxide layer. The absorption returned

to a low value following removal of the oil film with an aceton saturated

swab.

- 5 -
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It seems un like ly that the excess attenuation can be attributed to

the surface. Prior to the attenuation measurements, the bore was thoroughly

swabbed with Freon TC and acetone to remove any soluble organic contamination

and purged with dry air. While no attempts have been made to chemically

remove the observed light oxide layer, the same preparation resulted in low

measured loss in the 2 meter test section.

The most probable source of attenuation is the curvature of the bore .

The bore has been surveyed at 30 centimeter intervals wi th an es t imated

precision of ± 0.05 mm . While the waveguide bore is reasonably straigh t

within the interaction reg ion, it is noticeab ly ar ced at the two ends. While

the bore dev iates f r om a straight line by less than 0.25 mm within the magnet

winding the deviation exceeds 0.50 mm in the 60 centimeters nearest the ends.

The corresponding radius of curva ture is es timated at ~i.O3 meters .

Curvature is known to result in high losses for the EH11 mode in

metallic waveguides. The loss calculated for the observed curvature is 20%

which agrees in order of magnitude with the observed loss of 8%

The curvature of the waveguide has another effect in that power initially

coupled to the EH11 mode is conver ted to higher order modes . Our measuremen ts

indicate that approximately 10% of the power emerg ing from the waveguide is in

the higher order modes. The estimate was generated by measuring the power

density of the radiation emerging from the waveguide and numerically calcul-

ating the overlap of the observed distribution and the expected gaussian out-

put beam.
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Mode conversion is a serious problem because the reso nator d i f f r ac tion

losses for the higher order modes are large . Mode conversion therefore rep-

resents ano ther loss channel: power directed from the EH 11 mode by mode

conversion in the waveguide will  be lost from the resonator .

The measured losses are sufficient to account for the observed

resonator loss.  If we assume that all  the powe r in the higher order modes

is lost to d i f f r a c t i o n  in re f lec t ion  from the resonator mirrors, the sum of

the losses due to waveguide dissipa tion, mode conversion and mirror transmission

yields a loss of l9~ per pass , close to the observed value of 16%.

It is unlikely that the waveguide curvature can be corrected. The

curved sections at the ends of the waveguide are partially imbedded in

semi-rigid epoxy and there seems to be no practical means to straighten the

tube . We believe the measured resonator loss to be the minimum attainable

loss for  this system.

The primary e f f e c t  of the resonator loss is to raise the electron

current required for operat ion above threshold. Since no gain is available

for radiation propagating anti-parallel to the electron beam while loss is

suffered in both di rect ions, the e lec t ron  beam must supp ly a gain of at

least 32% per pass to cross threshold. At 10 ~i we have observed a gain of

7% per pass at an electron current of 70 mA. Operation of the oscillator

at 10 ~‘ therefore requires a minimum electron current  of ~2O mA. This ex-

ceeds the capability of the accelerator with the standard electron gun.

- 7 -
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A hi gh current  gun is clearly required.

The problems with the resonator  are di rect ly traceable to the diameter

of the waveguide bore.  A minimum diameter  bore was originally selected in

the desi gn o-f the magnet to secure the hi ghes t  possible f ie ld  on axis~ We

now know from the experiment that u se fu l  gain can be obtained at a relatively

modest magnetic  f i e ld .  A bore didrneter  larger by a fac tor of two than the

presen t des ign would be a practical choice. A gaussian beats at 10 
~ 

would

propagate without distortion through a 2 cm bore assuming the bore length

does not exceed 6 meters. An optical resonator of conventional design

could then be used and losses w~ id be limi ted only b y the chara cteris tics

of the resonator mirrors .

Hi gh Curren t Cun Desi gn: The calculated electron current required

for  operation above threshold exceeds the current available on a cw basis.

The l imits to the accelerated beam current  for  the superconduc t ing  accelerator

are set by the available RF power and by space charge e f f e c t s  in the io kv

in j ec to r .  Under cw condit ions, space charge e f f e c t s  are not a fac tor  and

the current  is limited by the available power. This is a l i m i t a t i o n  on

the average current  and therefore  an increase in the peak current can be

ob tained by modulating the electron beam to reduce the duty cycle. The

condition here is that the modulation frequency mus t be high in comparison

to , the RF f i l l ing  time for  the acce le ra tor  s t r u c t u r e . T h e  minimu m

useable du ty cycle is se t by the length of th e optical resonator for the

oscillator which sets a lower limi t to the pulse repetition frequency .

- 8 -

_ _ _ _ _ _  _ _ _ _ _ _ _

- ,- , - ‘
—-

~ 
‘- —‘ —- ___ _~~ &_s- _ ___

~
_

~~ --~~~~~~—--



-.--- -. ~~-~~~-~~~~~-~~- ~~~~~~~~ -~~~~~~-—~~~~~ - —— -—----~ 
- --- 

~~~~~~-~~~~~~~~~
-

~~~~~~~ --— -. ---

The minimum uscable d u t y  cycle for  the superconduct ing accelerator

operating at 1300 MHz is of the order of 1 x 10 2 
The corresponding

power-limited peak current would be of the order of 10 Amps . The limit

se t by space charge effects was not known with precision but was estim-

ated to be of the order of 1-10 A

The general operating specif icat ions for  the pulsed gun system and

the an t ic ipa ted  opera t ing  characterist ics of the pulsed single pass oscil-

lator have been described in the previous proposals and reports. Design

work for the gun sys tem was begun in this period . The objective of

this e f f o r t  was a reduct ion of the duty cycle by a fac tor  of 110, e .g . ,

the generation of an e lectron beam consisting of sing le electron bunches

t~. psec in length separated by 85 nanoseconds .

A s tandard electron gun for  the accelerator was madif ied  by instal-

lation of a low inductance hi gh perveance p lanar gridded cathode .3 Given

a pulse from the gun less than 1.5 nsec long, the pulse length will be

reduced to )~. psec by the 1300 MHz chopper and buncher in the in jec to r .

The gun was desi gned to rep lace the cw gun customarily used in the in-

jector. A single stage fas t pu lse amp l i f ie r  and a 100 kV isola tion

t ransformer were also constructed to estab l ish the f eas ib i l i ty  of the

electronics required to drive the gun.

Strong Signal Anal ysis:  The quantum theory  ori ginal ly developed to

analyze the o p e r a ti o n  of the iree e lec t ron  laser  is fo rmal ly l imited to

the small  signal ro~~imc . Feynni~ n t s concept of the path  in t eg ra l  provides

3 E~ mac y- l~T h A
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an elegant and powerful means to analyze the strong signal problem.

Calcula tions have been carried out to calcula te explici tly the probability

for the emission and absorp tion of an arb ~rary number of photons/

electrons in the l imit  of small gain/pass (Figs. 3-7).  At tempts  are

-
. 

underway to extend the calculation to the large gain limit.
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FIGURE CAPTIONS :

Figure 1: A Hchemat ic  drawing of the sing le pass

FEL oscillator.

Fi gure 2: A pho to of the sing le pass osáillator

showing the helium dewar for the helical

magnet in the background and the CO
2 

gain

cell and resona tor output mirror in the

foreground .

Figures 3-6: These plots show the log of the probability

f or the radia tion of an incremen t of energy

in units of me2 by an electron whose initial

energy is specified on the vertical axis,

The figures show a contour p lot of the log

of the probability for four val ues of op tical

radiation power density . The optical power

• density is varied in steps of .~/i~3 f rom

17C (relat ive un i t s )  in the small signal

reg ime to 5620 at sa tura t ion .  The contour

lines are spaced at intervals of 10~ so that

the probabi l i ty  is f i n i t e  onl y near the

maxima . As can be seen , the mean radia ted

energy is small when the optical  power densi ty

is small  while at large power dens i ty  the

rad ia ted  energy approached a cons tan t value .

~~~~~~~~~~~: ~~ _____________________
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I. INTRODUCTION

We have completed theoretical and experimental studies which establish

the possibility of a new class of lasers based on the stimulated emission

of radiation by a relativistic electron beam in a spatially periodic trans-

verse magnetic field. Lasers based on this mechanism offer considerable

promise as tuneable, high resolution, high po~-ier sources from the milli-

meter region to the ultraviolet. The characteristics of existing electron

accelerators and storage rings suggest the possibility of an average power

output in the range of lo~ -to 10 watts at high overall efficiency.

While the physics involved in the development of these devices is

of interest in its own right, it is also clear that- the realization of

these capabili ties could have a fundamental impact on areas of considerable

technical significance including photochetnistry, isotope separation and

laser fusion. -

II. BACKGROUND

An electron beam moving through a spatially periodic transverse magnetic

field will amplify radiation moving with the beam through the f ield . The

effect is illustrated schematically in Figure 1. If the electron energy -

is 7mc2, the magnet period is X
q 

and the magnetic field is B , the

wavelength for spontaneous radiation in the direction of motion of the

electron beam is

2 2)~ r B/ 2 q o  / 
_ _X 

2 
~~~4(~2~~) 

2 
~1÷ h v )

2 y  mc ~mc

(ccs units)

- 1 -
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where A and v are the radiation wavelength and frequency, r is the

classical elec tron radius and mc2 is the electron mass-energy. This is

also the wavelength for which stimulated emission is possible for rad-

iation moving in the same direction.

Radiation can also be absorbed by the electrons. While the transition

- 

rate f or absorption, integrated over all wavelengths , is essentially iden-

tical, to the transition rate for stimulated emission, the two processes

occur at sligh~ iy different wavelengths. The wavelength for absorption

is - 
-

A ~~~~~~~ l + ( ~ -~--) 
~~~ r B  

~ 
b y 1  (2)

- 2 7  UIC l ine

which is shorter by the fraction (2hv/ymc
2
) than the wavelength for stim-

ulated emission. -

For any practical case at optical wavelengths, the litieshapes for

emission and absorption will overlap and the net available gain - prop-

ortional to the difference between emission and absorption - will have a

wavelength  dependence propor t ional  to the der ivat ive  of the lineshape fo r

spontaneous emission. The relat ionship is i l lus t ra ted  schematicall y in

Figure 2; an experimental comparison appears in Figure 3.

The amp l i f ication mechanism t r a n s f o r m s  electron k ine t ic  energy directly

to radiation. The unique feature of the machanisin is the cap ab i l i t y  to

select - - the o p e r a t i n g  ~;avc length  throagh adjustu~ nt of the elec t ron  beam

energy and the magne t i c  f i e l d .  For a magn~- t:  pe r i od!  of one cc i iL i ~~- tcr  aad

a 10 NeV electron beam the ~:aveiengt h ~-~ou1.d he 12 ~ at: low ma~~ I C t  ic f i e l d;

- 2 -
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at 100 i~eV the wavelength  would drop to l2~-O . The available gain

drops at short wave leng ths  b u t  t 1l~ wave leng th  range for which u~eful.

gain would be available w t h  existing electrons sources appears to

extend to below 1000

Radia tion emi tted by electrons within a magnetic field is

properly termed magnetic bremsstrahlung while absorption occurs via

inverse bremsstrahlung. The stimulated emission of magnetic brensstralilung

in a periodic field was first analyzed by 1-iadey et al.
1 The idea can be

traced back to ~ otz et al ,
2 who proposed the use of a periodic magnetic

f ield - a “wigg1er~’ magnet in contemporary parlance - as a narrow-band

Spontaneous emission source.  The stimulated breusstrahlung problem is

closely re la ted to the problem of s t imulated inverse Corn ton scattering,

analyses 3 of the latter having been performed by Dreicer ,~~ Pantell  et

a1~ Sukhatme and Wol f f , 
6 
and Kroll. Finally, a numerical  analysis of

the energy los t to radiat ion by a re la t iv i s t ic  electron beam in a

periodic magnetic field has been performed by Lin and Dawsor~ who

found the sys tem capable of large power output. Other free electron

amplifiers have also been developed includ ing the cyclotron maser9 and a

ID
device based on the tnagti e to-raman e f f e c t , however , the physics and charac-

ter is t ics  of these  amp lificat:ion mechanisms arc dist i nc t  and these devices - -

appear l imited  to the longer wavelengths .

III. PRESENT STATUS

In the ixperJv ~-n ts we have co~ ’p le ted , a 2.; ~-~~V e Ice t rea -~~~::~

used t o an~~l I fy ti l e i~~. 6 LI r ad i  a t  ion  f r o m  a fl- A CO2 
l;~ser . 111a 

~~~ 
r I o~ c 

-
~~ 

-

- 3 -
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field was genera ted  by a b i f i lar  I tei .ical  winding  5.2 meters in length

with  a 3.2 cm per iod .  The nagnit~~ie of L ii ’ - magnetic f i e ld  on ax is  was

cons tan t ;  the f i e l d  v ec t o r  r o t a ted  in t h e  p lane normal to the axis w i t h

the period of the winding .  The el ec t ron  beam and the 10.6 u radiat ion

were sent  through an evacuated copper tub e on the axis within the
Th~~~~ . ~~~~v. Lc l+s . ~~ p~ 7t 7 (t ~~7~ )

winding. The experiment  is described in
A

i
~

E7L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~

and the se t -up  is shown schemat ical ly in Figure 1~.

Measurements  were  made of the magni tude of the gain, - -

the lineshapo and the  power radiated by the electron beam. A gain of 7~

per pass was obta ine d at a magnetic f ie ld  of 2. 1~- kgauss ~nd an electron

current of 70 r~A. The linewidth for n~:piitication was homogeneously

broadened, e .g., the observed l Lnewidth was close to the l imiting va lue

set by the f i n i t e  length of the in te rac t ion  region. Finally, a lower

bound to the r ad ia t ed  power for sa tura t ion  was obtained ; the magni tude

of the gain and the lineshape were unchanged during experiments  in which

the electrons radiated 0.25~~~ of their energy in passage through the

interaction region.

Tile measured gain and the dependence on electron current, energy,

magnetic field end polar iza t ion  are in reasonable agreement with the 
- 

- -

theory. Given the measurement at 10 j i , the theory can be used to

est imate the gain avai lable at shorter aiid longer wavelengths and the

electron current  required for  operation .

— 1~_ —

_ _ _  

-
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The a t t a i nm e n t  of tile Iio:::~ geneous1y broadened  linc~,idth is significant

since it establishes t h a t  it is possible to generate an e lect ron beam i i i

which all the electrons coup le to the r ad i a t ion  field. This is an

important consideration in determining t:hc saturated power output and the

fluctuations in the energy radiated by the electrons in the interaction

region.

Finally, the establ ishment  of a lower bound to the radiated power f o r

sa tura t ion is impor tan t  because it establishes the potential for the high

power o u t p u t .  Conservation of energy requires that the gain in energy by

the radiation field in the interaction region be balanced by the loss in

energy of the electrons . Saturation occurs when the change in electron

energy moves the wavelength for radiat ion outs ide  the lineshape for spon-

taneous emission , e .g . ,  when the f rac t ional  energy loss approaches the

fract ional  l inewidth.  For homogeneous broadening, the f ract ional

linewidth is a constant determined by the magne t length and period, and the

energy loss per electron is un i fo rm except for s t a t i s t i ca l  f luc tua t ions .

Given a lower bound f o r  the sa tura ted  power output  at 10 
~
i , the saturated -

- 
power output ~cales as the product of the electron beam current and voltage.

IV. SCALING -

The experiments and the theory provide a basis fo r  specifying the

electron beam parameters required for device operation and also for

estimating the device character is t ics . We consider here a laser oscillator.

- 5 -
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The gain per  pass r equ i r ed  for  osc i l l a to r  o pe ra t i o n  depends

on the resonator losses; a per p~ ss gain of 3dB would appear

adequate  b a r r i n g  any unusua l  ci r c u a~; tanccs . The e l e c t r o n  c u r r e n t

required for  operat ion is then a funct ion of wavelength  and the s ize

of the resonator  mode to which t h e  electron beam is coupled . Th e

small signal theory yields for  the gain per centimeter

r 2 p B
2X 3/2 )~~3u/’2

C ~ i o e q x (filling factor) (3)2? ~~~ 2 2 -inc (L\v/v)

(COS Units~ 
- 

-

where e = 2.72, p is the electron density, ). the wavelength, and

(z~v/v ) the (1/c ) h a l fw id t h  of the lineshape for spontaneous emission .

The fractional linewidth (tv/v ) is equal approximately to (X /2 L)

for a magne t of leng th L . The filling factor is the ratio of the

cross sect ion of the e lec t ron-  beam to the resonator mode.

- The gain was ca lcu la ted  using the Weizsacker -Willieni s approximat ion 
-

exp loi t ing the Corp ton S c a t t e r i n g  analogy . Note , how ever , that the func t ional

depenc!en~~c on e lec t ron  d ens i ty,  ma gnet ic  f i e ld , and wave length is

d i c t a t e d  by Loren tz  invariance, sytrmetry and dirnensionali ty and

- 
is model-independent.

The s cal i ng  of gain with wavelength  is i n f l uen c e d  by -the coup l ing

of the electron be ~~ to t he field - Thc’ gain e q ua t  ion was der ived for

t h e  cn~~e of a p lane  wave f i n a l  s t a t e  and an i n f i n i t e, 1Ic ogee~’ous e l e c t r on

l)e:vs. ~1t e p) ane wave e~;s i a :p t1on  is j u st  i l i ed  by t l t~ ohset~~ar i o n  t h at  t i le

- 6 --
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local f i e l d  in an overmoded resonator  is ind is t inguishable  f rom a plane

wave, however, a correct ion mus t be introduced for  the f i ni t e  size of the

electron beam. The mat r ix  e lement  fo r  rad ia t ion  into one of the normal

modes of the f i e l d  in the r esona tor  w i l l  be proportional to the average

over the electron T s trajectory of the amplitude of the spatial part of the

quantized vector potential for the mode. The transition rate, averaged

over all the electrons in the beam, will be proportional to the convolution

of the electron dens i ty  d i s t r ibu t ion  func tion  and the square of the norm-

alized spatial part of the potenrial. The convolution integral yields the

filling factor which , for a small electron beam, is equal to the ra t io  of

the cross section of the electron beam to the area of the mode. The mode

area can be defined as the ratio of the power propagating in the mode to

the power density on a:-:is . The f i l l i ng  f ac to r  is unity If the c-beam

cross section exceeds the mode area .

In a wav eguide , the i~udc area is independent  of wavelength and the gain

3/2
scales as X / - 

- This w- .s t i : : ’. s i tua t ion  in the 10 Li experiments we have

p er fo~ r-ed arid we have p lo t t ed , in Figure 5a, the expected wavelength de-

-pendence together w i t h  the m- :vi:;ured value at 10 Li

In an opt ical  r esona tor, the mode area is determined by d i f f r ac t ion  and
“-

therefore ±wolves the wave leng th  as well as the mi r ro r  spacing and curvature.

For optinem coup ling, e .g. ,  minimum mode area , the mode area can he shown - - --

to equal (X L/ 3 ) where L is the i n t e r a c t i o n  l eng th .  The gain therefore

scales as ~l/2 down to t h e  wavelength at which the e l e ct r o n  been fills the

macic and a p en d e nc e  rc : :c!m-: s . ‘11~ ca:;e is il 1u:~ t r a t  - -d in F’i go re

5b. Note  t h a t  the  node Si  : ~ cd c old not  b~- r educe d  be I c , ;  I I t e  c icc t r on  b ee n

L 
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r a d L u s ;  the re  would be no b e ne f i t  in terrIS of the avai lable gain and the

e l e c tr o ns  ou t s ide  the mode would be decoup led f rom the field leading to

n o n- s t a t i s t i ca l  v a r i a t i o n s  in the e l ec t rons ? energy loss in the inter-

act ion reg ion.

- 
- The p lo t t ed  curves in Figure 5 indicate the calculated gain per pass

at one amA re for  a i mm2 e-beani  cross sec t ion .  As previously noted ,

the scaling of gain with wavelength, cur ren t  and magnet ic  f ie ld  is model

independent .  The curves in Fig. 5 are therefore guaranteed correct to

within a constant fac~~~r .

For a gain of 3d~ /pass and op t imum coup ling an e lec t ron  current  of

0.3 A is required at  iD Li and 15A at 1200 ~ assuming a 1 inn2 c-beam and

the condit ions in the 10 ~ experiment.  The corresponding c-beam ei~erg ies

arc ~~ flay at 10 p and 220 fleV at 1200 X. These f igures, while  obviously

specific to the magnet design, are typical of the requirements for the

operation of a device .

The poss ib i lit ies  for  operat ion at high power arc readily apparent .

We know f ro n  the exper iment  that  0.25% of the electrons energy can be

converted to r ad i a t ion  w i t h i n  the interact ion reg ion wi thou t  sa tura t ing

ti l e amplificat ion mechanism. For a 15 A (peak) electron beam at 220 ~eV

• this corresponds  to a peak power ou tpu t  of 8 X 10
6 

wat t s . The experimental

3 lower bound is Close to t h e  value es t imated  from theory for  a constant

- 
-

- 
period hel ix .  An ene rgy conversion of 10% appears possible if the hel ix

- - per iod were var ied  to compensate for the decay in electron energy along

the lcnc ;rh  of the i n t e r a c t i o n  reg i O n .

.“

-C-

- ri — 
~ 

- _ _ _ _ _ _ _ _ _

— - “—‘-~~~~~~- - —.—- -——-
~~~ 

-—“,—-— - - --- - — - -~~~~~~~~- 
~ - -- - a— ~~

. -



i-ihile the s a t u r a t i o n  cha rac t e r i s t i c s  are obviously a t t rac t ive, it

should be noted tha t  p rac t ica l  problems not d irectly re lated to the acip li-

fication mechanism are likely to req1-flrc careful attention for high power

operation. The optics problem for a high power resonator will be difficult.

Optimum coupling corresponds to minimum mode size in the interaction region

and large power density at the mirrors. The power density close to the

interaction region for operation in the megawatt range could exceed io
8

watts/cia2 and it is likely that special optics will have tc be developed

to handle  the problem. One approach we have considered is the use of a

water-cooled grazing incidence reflecting beam expander. The scheme is

F attractive because it  takes advantage both of the reduction in the poi-iar

density at  the mirror surface  and the improvement in the r e f l ec t iv i ty

at small angles of coincidence. Some work has been done in industry on

the development of such systems .11

The phys ics of the amp l i f i ca t ion  mechanism leads to a number of inde-

pendent const ra ints  on the e lec t ron  beam homogeneity, radius, and angular -

- 
divergence. The constraints can be derived from the condit ion tha t  the

electrons in the beam should couple to the elec t romagnetic f ield in an

identical manner. This is the condition for maximum gain and power o u t p u t

and minimum var ia t ion in . the electrons energy loss in the interact ion region.

Given ident ica l  coup ling, the bandwid th  for  amp l i f i c a t i o n  wi l l  be hoceo-

geneously broadened , e .g.,  the bandwidth will be inversely proportionil

to the interaction ti~ce .

- 9.-

•——-—------—-- I ___ _-__- —-~~~~ -.‘———-- —- - — — — 
~~~~~~~~~~~~~~~~~~~~~~ —•--— -

~~~~~~~~~
- —

~
-——

~~~
--— --— - —- -

~~~~
,.—•-•-—----— — —

_____________ - - - - —• -—•- ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ 
-• -— --—— ----

~~
.-—

~~~
-—— -—

~~~~
-—



The wav oiengt i l  for r ad ia t ion  is a f u n c t i on  of the electron energy,

the magnetic field, and the d i r e c t i o n  of the  e lec t r o n ’s mot ion .  Neg lec t ing

the quan tum correc tion
A 2 IA 2 r B2\

2
~~ ÷ ~~i ) t~ - ° )  + ~2~2 (

~
)

he re  e is the angle between the direct ion of the electron ’s motion

and the direct ion of the radia t ion.  Maxwell’s equations require the

amplitude of a static magnetic field, periodic in z, to vary with

radius ; for  a he l i ca l ly symmet r ic  f i e ld , as was used in the experiment,

the field has a min imum on a~:is and increases as the square of the

disp lacement o f f  axis.  In the wavelength equation, B , and therefore

A , are thus functions of the radial displacement of the electron ’s tra-

jectory from the axis of symme try .

The condi t ion for homogeneous coup ling is that  the variat ion in wave-

length due to the e l e c t r o n ’s spread in ene rgy (ay) ,  r adius  (~~p) , and

angle (LE 1 ) be small in comparison to the l inewidth for spontaneous

emission, the l a t t e r  being approximatel y equal to (1/n ) where n is

the number of magnet  per iods:

1 ~X 1

1 

(

~~~i) . ( A r ) 2 
< (6)

~~~~~

• (
~

-) . ( - o)~~~< ~

— 1 )  — 
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For the magnet in the experiment these equations imply an upper limit

for (i~y/y) of 3 x ; for i~~
) 
~ 0.8 mm; and for ~o, io 2 radians

at lOp and 10 radians at 1200 ~~. While the numbers are obviously

specific to the magnet design, they are indicative of the quality of

the electron beam required.

V. ELECTRO N STORAGE RINGS

Electron storage rings were developed approximately fifteen years

ago as a research tool for high energy physics. Large circulating currents

have been obtained in storage rings and the homogeneity and emittance of

the beam are well suited to electron laser requirements. The circulating

beam current can be exploited for laser applications by inserting a per-

iodic array in a straigh t section of the ring. Storage rings appear to

provide the means for operation at high overall efficiency and nigh

average power with a tuning range of several octaves. Sufficient current

has been obtained in existing storage rings for operation at wavelengths

to 1200 ~~. -

The performance of the Princeton-Stanford ring illustrates the capability

of these machines. This ring was one of the first to be built and was de-

signed for operation at a maximum energy of 500 MeV. A picture of the ring
12 13

is shown in Figure 6. The characteristics of the ring at 300 MeV are

tabulated below.

instantaneous peak current = 15 A
~maximum observed)

corre~.ponding avg. c u r r e n t  O.1~ A

homogeneity (A~/~) 2 x lO~~

beam emittance 0.2 mrn-mrad

— 1 1 —
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These numbers can be compared wi th the requirements  for  laser ope ra t ion

\ 

~Sec. IV). The peak current and homogeneity are substantially better than

required and the beam emittance is within the allowable upper limit to

the product of the beam radius  and divergence.  h i gh e r  cu r ren t s  by an order

t of magnitude have been reported in the literature at this energy, however,

the citatiorYr do es not include specification of the homogeneity and

emittance. A contemporary machine, the SPE AR ring at SLAC, has delivered

a 100 amp instantaneous peak current at an energy of 1.5 CeV)5

A storage ring consists of a set of bending and focussing magnets to

guide the c i rcu la t ing  e lec t rons  around in a closed stable orbit . The

electron beam is injected from an accelerator using a pulsed inflector magnet

to kick the injected beam into the ring. Injection is usually continued

over a number of orbits.  The ring integrates the current from the accel-

erator and the current  in the ring can exceed the accelerator current by

a substantial margin. The accelerator used for injection is turned

off after the ring is filled. 
-

- The beam l i f e t im e  in a well-designed ring is limited by scattering from

the back ground gas . At very high current additional losses occur due to

electron-electron scattering in the circulating beam (the Touschek effect) ~
16

— The vacuum requirements for storage rings are stringent: a vacuum of

torr ~-zas required to attain a 20 hour beam lifetime in the Princeton-

Stanford ring. The beam l i f e t i m e  at high current is inversely proportional

to the charge density. 
-

- )2--
I

.~-4
I
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~~~

- - - -
~~~~

-- -~~~~~-— ~~~~~~~~ 



-

In conventional rings, electrons lose energy continuously via

synchrotron radiation in the bending magnets and this energy must

be replaced to maintain the equi l ibr ium. This is accomp lished by

means of a radio-frequency or microwave cavity within the ring

driven at a frequency equal to an integral multiple of the orbit

frequency . Given an adequate voltage gradient in the cavity, there

will always be a phase at which an electron circulating in the ring

will gain sufficient energy from the field - to balance the losses due

to radiat ion.  The circulating beam will then have the form of one - -- -

or more bunches, depending on the harmonic number, positioned at the

I 

- phase-stable points. The bunch length will be determined by the

equilibrium energy spread and the strength and frequency of the

accelerating field . The ratio of bunch length to bunch spacing is

typically of the order of io~.
17

After the ring is filled, the energy of the circulating beam can

be varied by changing the magnetic field in the bending and focussing

magnets. The storage ring is basically an electron synchrotron in

which the beam is never extracted; the machine can be used to accel-

erate or decelerate the circulating beam within the overall limits

imposed by magnet design and beam dynamics. In the Tantalus I machine

at Wisconsin, the ring is f i l led at 1~O NoV and accelerated internally

to 22~O MeV for operation.

-13 -
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The characteristics of the ci rcula t ing  electron beam at equilibrium

arc determined by the competition between the s tat is t ical  f luc tua tions

in the electrons ’ radiat ive en ergy los s and t he da~ p ing  arising f rom th e

st rong energy dependence of this As evidenced in the character—

istics of the Stanford-Princeton ring, the overall effect is to produce

at equilibrium a well-collimated highly homogeneous circulating beam .

A schematic of an electron storage ring-free electron laser 
- 

-

is shown in Figure 7. For an oscillator, the mirrors for the resonator

can be placed outside the electron beam orbit , leav ing an ape r tu re in

tha side of the bending magnet to admit the radiation.

The electrons in the ring would circulate alterpately bet-w~en the

interact ion region in the periodic magnet ic  f ie ld and the. accelerat ing

cavity. The electrons can be though t of as converting the PS energy in

the cavity to optical energy in the periodic f ie ld . Electrons moving

through the periodic field will  amplif y the radiation in the resonator .

- Having lost  a f rac t ion  of their  energy to the radiat ion f ield , the - -

electrons will be re-accelerated to the original energy in the PS cavity

and proceed to move again through the interaction region. The process will

proceed at equ i l ib r ium for  a length of time limited only by the lifetime

of the circulating electron beam .

The electrons in the ring arc bunched by th~ accelerating field in the

rf cavi ty  and r l ec trons  moving  through the per iodic  f i ~~~d ~-:iil amp l i f y

onl y t hat  r a d i at i o n  wh ich  sp a t i a l l y  over laps  the b u n ch .  flt~ r ad i e t  ion

f ield  in the cavity ~~~ I t h e r e f o r e  h~ t ime dep -n-Thn t cons i st in g  c’f

jni l s€- ~; ( - qua l  in leng th to the bw acht  length and -1~ th a separ~ t Lon rd ated

11
— - %- - — —..- - _ _ _
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to the bunch spacing. It will  be necessary to adjust the mirror spacing

so that the radiation pulses propagating within the resonator will overlap

with the circulating electron bunches in the interaction region; the

radiation pu lse spacing w ill then be an integral sub-multiple of the

electron bunch spacing. In the Princeton-Stanford ring the bunch length

was 2 nanoseconds with a separation of 1~O nanoseconds.

The appeal of this concept lies in the prospect of tuneable operation

at high power and high efficiency. The wavelength of operation is a function

both of the electron energy and the magnetic field and both of these quantities

can be varied in a continuous manner. An operating range in energy of 2:1

seems well established for storage rings : the corresponding range in

operating wavelength would span 2 octaves. Given that electron beam 3

quality can be maintained there is the prospect for operation at high

resolution and high power throughout this range . - 
-

Th e prospect for high power operation was discussed on page (s ) and

stems from the observation that it has been possible to convert 0.25~ of

the electrons energy to radiation in the interaction region ‘~-yi thout evidence

of saturat ion. For the 0. 1i~ A average current, in the Princeton-Stanford

ring, this would correspond to an average power output  of 2 X 10~ watts

at a wavelength of 1200 X (beam energy = 220 Hey).

The prospect for  hi gh eff ic iency stems from the use of the electron

beam as a “working f lu id”  t ransport ing ene rgy from the rf f ie ld in the

accelerator cav i ty to the optical radiation field in the interaction region.

- 15 - -
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There are no intermed iate steps between acceleration of the electron bea~i

and radiation in the periodic magnetic field . While incoherent synchrotron

radiation will occur as a parasitic process in the bending magnets for the

ring, the power lost would be small by comparison, amounting to a few

hundred watts for the Princeton-Stanford ring at 200 NeV and 0.li A. The

overall e f f ic iency  will  then be determined by the efficiency of the BY

generator for  the accelerator cavity, by cavity losses, by copper losses

in the magnets for the ring,and by the operating and standby power of the

accelerator used for injection. The latter figure is the most difficult

to estimate. With respect to the ring itself, estimates for the overall

efficiency range in excess of 20% for power outputs greater than 1O5 watts.

The accelerator injector operating power presumably becomes small if a

reasonable stored beam lifetime can be realized.

The major questions concerning the realization of such a device relate

to the perturbation of the electron dynamics by the periodic magnet array

and the radiation field . The perturbations can be divided into two classes :

(I)  those re la t ing  to the operation of the ring when “cold”, e.g., when

radiation losses in the interaction region are small, and, (2) the per-

turbations associated with the statistical fluctuations in the radiated

energy when the radiated power is large.

Considerations of the first sort will affect the design of the electron

optics and the decision as to the type and placement of the focussing

magnets to achieve a beam of the required cross section and divergence

within the interaction region. We note , in th is  regar( l . that the beam

- 16 -
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diameter must be held to a small value over an extended length . Whil e

the periodic field is itself a focussing system, it may be necessary

to include additional focussing elements distributed along the inter-

action region to confine the beam . Also, a he lical field wil l  coup le

the hor izonta l  and vertical betatron oscillations and the effects on

beam size and stability will have to be carefully explored. But frnis

portion of the prthlcm involves nothing fundamentally new and can be

analyzed within the framework of the existing theory using existing

computer codes. -

The part of the problem relat ing to the s ta t i s t i ca l  f l uc tuat ions  in

energy loss is more complicated . The equilibrium energy spread and

beam ernittance in a storage ring are determined by the competition be-

tween the quantum fluctuations in radiation and the damping derived

from the energy dependence of the radiated power. The electron beam

tharacteristics are therefore sensitive to the modification of these

phenomena. The feasibility of the laser concept requires that the two

mechanisms remain in balance over the full range of radiated power out-

put.

At high radiated power, one expects that the statistical fluctuations

will be larger than in a conventional ring because of the larger number

of photons. But the coup ling to the radiation field in the periodic

magnet is also strongly dependent on energy (Figs . 2 and 3) so there

- will be strong energy dependent damping. Note t ha t  the Robinson

pC) -

theoren does not app ly in this case since the theorem was derived for

the case of spontaneous synchrotron radia t ion .  The dominance of stim-

- 17 -
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t ilated criission in the  periodic f i e l d  changes the rules for  rad ia t ion

and leads to an enhanced dat~ping rate.

The energy spread can be esti~iated from the theory . It is found

tha t  the e f f e c t  of s t a t i s t i c a l  f l u c t u a t i o n s  is sm all in comparison

to the damping a r i s ing  from the energy depe ndence of the amp litude

for emission. 21 The combinatIon of s t rong dac;p ing and small  f l uc tua t ions

indicate that the electrons beam will not be degraded as a consequence

of laser operation. But, as opposed to the question of the “cold”

electron optics , the physics for this problem is ne~-7 and confi rmation

of the theory and the capability for high power operation requires

performance of the experiment.

VI. OTHER ELECTRON SOURCES 
-

1\•io other sources have the demonst ra ted  capabili ty to generate

an electron beam fo r use with th is class of laser. The superconducting

linear accelerator (SCA ) in the W. U. Hansen High Energy Physics

Laboratory produces an exceedingly high homogeneity and low emittance

electron beam . The beam qual i ty led to the choice of the SCA as the

- e-bearn source for the 10 ji experiments. The peak current presently - -

available from the SCA is however, marginal for oscillator operation .

The average current output of the SCA is limited by the available

klystron po;;er. Higher peak cu r ren t  can therefore  be obtained at the -

expense of the duty  cycle . The electron beam from th~ SCA consists

of bunches 1~- p sec in length separated by 7~~9 psec. The ins tan taneous

pea k cur ren t  is l im i t e d  to 70 mA . Uc have p r c p o~~ -J to f i t  a m o d u l a t o r

to ti me ca t h ode o f the 103 kv ~;uu for  t h c  a rc  ~- ] cr a  or t o  r educe the d u ty

cyc le by a factor of 130, e.g., to mi intain the buu~ h l n g t h  wh i l e

3 acreas n the bu u ch i  sp :tc I mr ~ to I J~ > m c  . Given ~~ ~ -~~~~ - -

current , a peak cu rrent in & x - t - s s  of I A ~h n u ~~d he os~ ,~~h le  w i t h  th is

sys tem .

_ _ _ _  
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An osc i l l a to r  has been c o n s t ru c t e d  us ing  th i s  beam end the t t t t~ y t f r om

the 10 ~
j  experiments (Figure 8). Magnets are used to deflect t h e  c-~hc-a-~

onto the optical axis so as to bypass the resonator mirrors . Elec t rons

eme rging f rom the interact ion region are t ransported to a s j ;r c t r o~~-t e r

and beam dump in the end s t a t ion .  As in the case of the s torage  ring,

the mirror spacing must  be adjusted to match the bunch spacing.  Optical

radiation w~ thin the resonator will  consist of pulses cc~iial in length  to the

electron bunches and separated by the bunch spacing .

With respect to the device physics, the SCA oscillator experiment is

of interest for ~he information it will provide on operation at saturation,

particular ly, the re la t ionship of gain to optica l power densi ty  and th~

statistical fluctuations in the electrons ’ energy loss in the interaction

region. For the latter measurement, the electron beam will be run from

the oscillator to a high dispersion magnetic spectrometer for analysis.

The measurement will provide an important  check on the f luctuat ion theory

for  the storage ring problem.

Technical interest  in the SCA oscillator arises from its potential  as

a tuneable picosecond optical source of relatively high peak and average

power. The oscillator has been desi gned for  operation at 10 ~ but, given

a 1 A peak cu~ rent , it has the potent ia l for  operation throughout the

in frared and v i s ib le  regions .

It is also possible to generate hi gh quality electron beams using a

inc-gavolt electrostatic g~nerator. Time problem here  is the l imited cu r ren t

available from the high vo l t age  t er m i n a l .  The problem can be solved by

using  the genera to r  S1n~)l y to bias  ti m e ca thode  w i t h  an independent low—

vol t age pcr~er s u pp ly t o  co ll ect  the  e l e c t r o n s  pass ing through the inter—
21

e(- t ion rL - i’, ion aed r e t u r n  theta to the  cathode . The concep t is the - -

— 19 — 
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“h a r d — w i r e d ”  ana log  of the  h i  gim e is  r~ y electron storage ii ag . The

idea is promising at e lec t ron  energ ies of up to a few NeV , e .g.,

in the mi l l im e t e r  and s ub - m i l l im et e r  regions .

-
. VII . SHORT PULSE OPERATION

The charac ter i s t ics  of an d c c . iron laser device will be determined

by the charac ter i s tics  of the electron beam. h igh average power c-beams

are available , thus, there is a pot. etmt:ial  for high average power output.

Tuneable hi gh a-;erage power lasers are required to do large scale photo-

chemistry . High energy pulsed lasers are also required , for examp le,

in the laser fusion program .

There ai~e several means by which a free electron laser could be

adapted to generate  shor t  hi gh energy pu lses .  A hi gh power free electro n

laser osc i l la tor  could be used to optical ly pump the upper level in a

conventional atomic or molecular laser. The energy deposi ted in the upper

level would be s tored  for  a per iod of t ime equal to the level l i f e t im e .

The op t i cal l y pumped sy st - rm could then be used as the f inal  amp l i f i e r

with a low po~;er optical master osci l la tor  to generate hi gh energy pul ;es  
-

at arbitrary shape and duration.

The utility of this scheme depends on the availability of a s u i t a b l e  -

hi gh average power pump and t h e  l i f et i m e  of th e  exci ted level. The

e lec t ron laser  o f f e r s  pr omise  as a tuneab le  narrow-band source with an

average power o u t p u t  in excess of lO~ wa t t s .  We note a lso  that  the

r r -q n  r - -et of a long e x c i t e d  level l i f e t  m e  is in p e s d e n t l .y i mposed

on hmi gim energy lasc-rs to ic-Th ce the g;ti n per  u n i t  1c’s~~thi to t cns c ;c ablc-

I’iToPort ions . SpeC en cons ~dered for  h i gh energy sys tcm l eer me tas t ~bl~

P0 -.
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excited level lifetimes ranging from 10 mi l l i seconds  to 1 second .22

Given a lO~ watt  average power optical pump and a I second lifetime

there is the possibility of I05 joules stored energy in the medium.

Optical pumping is an e f f e c t i v e  means to generate level inversion in

large volume systems and there is the possibility that the use of

optical pumping will permit the exploitation of an atomic or molecular

species with more favorable charac te r i s t ics  than the present candidates j
fo r  hi gh energy laser development. - 

- 

.-A second possibility would be to operate an electron beam laser -

directly as a short pulse source. High energy optical pulses could -

be developed within the resonator of a storage ring electron laser

oscillator if the resonator mirrors were made completely reflecting.

Starting from the power radiated spontaneously by the electron beam, -

the optical pulse energy would grow in time to a limLting value de-

termined by the m irror absorption and the electron laser saturation

characteristics. At the appropriate time the optical pulse would be

def lected by a small angle and extracted from the cavity.23

To estimate the order of magnitude of the ~attainab1e optical

pulse energy, we will assume that 100 joules can be stored as kinetic

energy in a single electron bunch . We note that this bunch energy I

has a l ready been a t t a ined  in the SPEAR s torage ring at  SLAC. The

sa tura t i on  character is t ics  of the amp l i f i c a t i o n  mechanism are such

that l~ of this energy, or 1 joule, ough t to be extractable as optical

r a d ia l  i o n  on each pass th rough t i m e  r e s o nat o r  wi th the a p p r o p r i a t e

m - U m - - t  des i gu .  if  t i m e  abnorp t~~on c o e f f i c ie n t  of the  r esona to r  mi r ro r s

- 

-21 -
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can be m a i n t a i n e d  be low 1 x io~~ the equilibrium optical pulse eu~ r~ y

would exceed lO~ joulcs.

The optical pulse shape would be determined by the charge distri-

bution in the electron bunch . In a storage r ing,  considerable cont ro l

can be exercised over the d i s t r i b u t i o n  by choice of the operat ing

frequency and harmonic  content  of the rf accelerating f i e l d .  The

poten t ia l  for  opera t ion  at high e f f i c i ency  and h igh re p e t i t i on ra te

and the use of free electrons in high vacuum as the amplifying medium

lends considerab le appeal to this concept. 
- 

Note , however , that  the

concept requires the development of a high speed optical element to

de f l ect the hi gh energy opt ical pulse out of the resonator .

VIII. S1JNMARY

Theory pred ic t s  that a relativistic electron beam t~oving through

a spatially pe riodic transverse magnetic field can be used to amp lif y

electromagnetic rad ia t ion .  According to theory, the elect ron beam

can be though t of as a new type of active medium f or th e con s t r u c t ion

of a new class of lase r amp lifiers arch oscillators . The effect i~

interesting because of the possibility for continuously tuneable oper-

ation over a broad range of wavelengths, from the millimeter region to

the ultraviolet.

- - The e f f e c t  has been observed in experiments performed at 10 ~

A 2!~ ~eV electron beam was used to amp lify the coherent radiat ion from

a 1.0.6 ~ C0 , TEA l ase r .  The gain is close to time expec t ed  va lue  and

ti me e x per i m e n t s  est  ebl  ish the  c a p a b i l i t y  fo r  hi gh power  o u t p u t .

- 22 -
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Time inechanissi roqui res a high energy, hi gh c u r re nt , high q ua l i t y

electron beats and the question of technical feasibility revolves around

the capabil i ty  to generate such beams . Several approaches can be used

but the most promising involves the une 0 an e lect ron storage ring .

A ring can be used to in tegrat e  the o u t p u t  of a low cu r ren t  accelerator

over a period of time and synchrotron radia t ion  compresses the c i rcu la t ing

electrons into a compact region of phase space. Electron beams sufficient

for laser opera t ion at wavelengths to 1200 have been available in

storage rings for ten years.

The idea is to construct  the ring in the form of a racetrack

including the periodic magnet array in one of the s t ra ight sections .

The conf igura t ion holds great promise as a tuneable high power source

capable of operation at high overall efficiency .

A fundamental question is the effect of high po wer operat ion on

the distribution function for the circulating electrons. The distribution

reflects the relativ e roles of the statistical fluctuations and damp ing

due to radiation . Theoretical estimates indicate that energy flucutations

will he small due to the dominance of damping e f f e c t s .  Experiments are now

b eing prepa r ed to ch eck the fluctuation theory. - -

The development of a narrow-hand, tuneable, hi gh average powe r source

is obviously relevant to ph ot ochetnis t ry  and isotope separat ion.  Operated

as an o p t i c a l  pump, the device could also make poss~.blc an impor tant

means f o r  the p r o d u c t i o n  of shor t  hi gh energy optical pulses  fo r pc1l et

co :np rc ss ion and oIlier app li cations .
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X. FIGURE CAPTIONS

Fig. 1: Configurat ion of Periodic Magnetic Field, E lectron

Beam and Radiat ion.

Fig. 2: a. Lineshapes for emission and absorption

b. gain vs. f requency at fixed electron energy

c. gain vs. electron energy at fixed frequency.

Fig. 3: a. Spontaneous power transmitted through monochromator

at io.6 p vs. electron energy.

b. Amp lification and absorption of 10.6 p radiation

from CO2 TEA laser vs. electron energy. The electron

energy scale iS the same as for 3a. The w.axirsutn

observed gain was 7% per pass at an electron current

of 70 siA.

Fig. ii- : Experimental Setup .

Fig . 5: a. Maximum available calculated gain vs. wavelength for the

E1111 
m ode in a 10.2 mmn diameter waveguide. The measurement

at 10.6 microns is indicated for reference.

b. Maximum available calculated g~.n per pass vs. wavelength

for optimum gaussian optics.

Fig. 6: Princeton-Stanford Electron Storage fling (1965).

Fig. 7: Schematic representation of Storage Ring Free Electron

Laser Oscillator .

Fig. 8: Schematic representation of Free Electron Laser Oscillator

using an electron beam f rom the superconduct ing accelerator.
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Schematic drawing i llu st ra t ing  the
i n s t a l l a t i o n  of a periodic magnet
s tructure in a straight section of
an electron storage r ing for a
FEL laser oscillator .
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Observation of Stimulated Emission of Radiation by Relativistic Electrons
in a Spatiall y Peri odic Transverse \ lagiietk Field *

Luis R. Elias, William M. Fairbank, John M. J. ~1ad oy , H.  Alan SL-hwettnlan , and Todd I. Smith
Depo rtment of  P hvs ic.C a nd illgh Pn ergy Physics Lahoratory. Stanf ord 7 ntvers ilv. Stanford , California 9/.?U ~

(Received I -~+ DeCI-Infl - r 1 ~I7T+ )

Gain ii~,s been observed for + + p t i c a l  radi at io n at 1(1 fl ~m due Lu st imulat cd radiation LIV
a r e b i t i v i s t i c  electron beam in a constant spatially periodic transverse magnetic field .
.-\ gai n of 7~~ per pass wa s obt ained at an electron cur rent  of 70 mA.  The experiments in-
dica te the possibility of a iew class  of tunable high—power free—electron lasers .

We have observed the amp li f ica t ion  of infrared ous radiation and the gain . The exper imenta l  ap-
radiation by re lat i+~istic f ree  electrons in a con- paratus is shown schemat i c-all y in Ft~ . 1. The
stant , spatially periodic , transverse magnetic periodic magnetic field was generated by a super-
field . The experimerl t was conducted in the W W conducting right-hand double helix with a 3.2-c m
Hansen Hig h Energy Physics Laboratory using an period and a length of 5.2 m . The helix was
electron beam from the superconducting linear wound around a 10 .2 -mm-i .d . evacuated copper
accelerat or . The experiment was performed by tube which enclosed the interaction region . Th e
sen ding the electron beam through the periodic field due to the helix was transverse and rotated
field and measuring the gain and absorption coef- in the p lane normal to the axis with the period of
f i c ien ts for 10.6-~jni radiation sent through the winding. A 1-k0e axial guide field was generated
field parallel to the electron beam axis , by a solimoid wound over the helical magnet .

Radiation emitted within the periodic field is The electron beam and the infrared radiation
properly termed magnetic bremsstrahlung . Radi- were steered to pass through the magnet on the
ation can also be absorbed via the process of in- a.xis. Radiation from a pulsed transvc ’rse-exci t -
verse bremsstrah lung. The physical e f f ec t  which tion-atmospheric CO. laser was focused to a 3.3-
makes amplif icat ion possible is the difference in mm waist at the entrance to the interaction re~~r t i
wavelength between emission and absorption . The to excite the EH ,, wave-guide mode of the 10 2-
wavelength for emission is sli ghtly longe r than mm copper tube . Calcula tions indicate that this
the wavele ngth for absorption . While the di f fer-  configuration couples 98% of the energy in the in-
ence i n wavelength is small , the rates for s t imu-  cident Gaussian beam to the El i , mode. °
lated emission and absorption are large and net Radiation emerging f rom the tube was focused
useful  gain is predicted at wavelengths to below on a fast Santa Barbara Research Corporat ion
1000 A. copper-doped ge rman ium detector . The electron

The st imulated emiss ion  of h remss t rahlung  in beam f rom the supe rc ondu c t l l t g  accelerator  was
a spatial ly periodic magret ic -  f ie ld  was anal yzed bunched and the interact ion between the electrons
by Madey and co-workers . The physics  is re-  and optical radiat ion modulate d 11w radia t ion  at
lated t o the pr oblem of s t imu la t ed  Compton scat- the 1300-MHz accelera tor  o p er a i  ing f r equency
ter ing  which has been anal yzed by Dr iecer , I Pan- The f r ac t iona l  ruodulatwu is equal to  the gain per
tell , Soncini , and Puthoff ,~ Sukha tme and Wolff ,~ pass . The ampl i tude  and phase - - í t h c  1300-MHz
and Kro l l .7 Other  f ree  -e lect ron ampl i f ie rs  have modulat ion were recovere d by rnLx ie~r the d e t er -
also been pr oposed . H i r shfi cld , Bernstein . and 
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~~~~~ ~~~~ ~~ V . -  Buwcurr
maser in wh ich .4 ,-, l a t I v I s t l  e lect ron  10- a ol  — 

- ~~~~~~~~~~~~~~
—+~~

-
~~~

— - - -  
- 

—

moved t h r -  I1ll ~h -~ uni fo rm L x i U  f ie ld , and (+ r aiiit - - - ~~~~~
- - - ‘ - - - U RROR q+ )~~

st e in a nd c o- w l l r ke r s ’- ’” it the  Na va l  Research
Lab, rat -r  liLV -xploited ot i n ) u l , I t e d  magne to— ~~~~~ -

Raman scatt *-rin g to ceit~ i t  high - - p wer  sub m i l —  . - .. Dr~~ c C T e  
V - I

l i m e t e r  radiation. y - N -
~~ 4A~~~~ V A - ~ 

-

The the ory  for st n iu l at ed  hrentsstrahlung pro - CO 2 ~A S( ~

diets i c o r r e l a t i o n  betwi-et, th e  h o -  shap - f a r  i- it ; I - I- x~s- r irn~~i L + l  s i - t a p liii- i l t  ‘T O II 10.101 wa~spontait i - ’ - is r .i I i a t , fl ( I l l t h e  cain . ~1 I S A 1  O . ~ 1 f l f l A t  ( ( f l t l \  ,) - f u i c t e ~i ar  - m d  the op t ic a l  - + - ? - ;wlfiC1iL~
n a It S w i - r I -  t h e r e f o r e  flOiII  (11 1,11th t b  ~-p i ~nt i t i . — on the I X I S . 1 the - - lU - a l  I A .

T 17

_ _ _ _  ~~~~ ~~~~~~~~~ -—- —~~~~I~~~~i-~~ -
~~
—

~~~~
- -
~~~~~~~~TT~~~~~~~~~iIi -



VOL U ME 36 , NUM BFR 13 P H Y S I C A L  R E V I E W  L E T T E R S  2 9 M - ii o i ,  b ( 1

+ tor out put with a signal derived from the accele-
rator master oscillator. The local oscillator
phase was set to maximize the signal due to spon- sPo.i a -

taneous radiation by the electron beam . The rel-
ative response of the detector to 1300-MHz niod-
ulation was determined by observing the quantum 

~ E G

fluctuations in the radiation from a 600 black- 24M 1V

A l-m Czerny-Turner monochromator was used GAIN
to analyze the spectral distribution of the sponta-
neous radiation propagating at ang les of up to 1.3 i— - — - 

E N E R G Y

mrad relative to the magnet axis. A helium-
cooled germanium bolometer was used with the
monochromator to detect the spontaneous radia-
tion . FIG. 2 . (a) The spontaneous power at 30 . 6 pm as a

Observation of the spontaneous radiation and the function of the electron energy . tb) The amplitude and
gain included measurement of (1) the spectral dis- phase of the modulation imposed on the 10. 6-pm optical

- . - - - radiation from the Co laser . Amplification corre-tribution and polarization of the spontaneous radi- . . - -
- sponds to a positive signal The instantaneous petth

ation, (2) the magnitude of the gain , and (3) the gain attained a value of 7% per pass. The helix field
dependence of the gain on the electron energy , the amplitude was 2.4 kG and the instantaneous peak d ee-
polarization of the stimulating radiation fields , tron current was 70 mA. The electron energy was
the electron current , the magnetic field , and the swept through a small range in the vicinit y of 24 ~,IeV -

optical power density. The full width in energy (half-wid th in wavel engtht at
According to theory, the wavelengths for  emis - the l ie  points in (a) is 0 .4 4 .  The power density of the

sion and absorption are given by 10 .6-pm radiation in (b ) was 1.4 X1 0 \V cm- -

.~i.Ii +(_ 
2
~~_s~!~~I32l(1 ± ._!!.~~ \ (1) lIe hall-width of the spectrum (~~i’ ’v) is Ø,4~~,

2,. 2L \2r/ nic 2 J\  ~in c / . . . - - -The linewidth is close to the theoretical mini -
where r0 is the classical electron radius (cm), mum . No harmonics were observed. The mag-

~,ni c
2 is the electron energy (ergs), k~ is the mag- netic field was 2. 4 kG. The instantaneous spon-

net period (cm), and B is the transverse magnet- taneous power radiated into the 5 10~~-sr accep-’-
ic field (G). Equation (1) is for a helical magnet- tance of the detection system was 4 x l 0 ~~ W at an
ic field and for radiation parallel to the electron instantaneous peak current of 70 mA. The radia-
beam axis. The equation is correct to lowest or- tion was right-circularly polarized .
der in I /y and he/ymc2. No harmonics are pre- Figure 2(b) indicates the dependence of the gain
sent in the spectrum for radiation along the axis , on electron energy . The energy scale is the same
Polarization is determined by the helix symme-  as for Fi gure 2(a) . The trace shows the phase and
try . amplitude of the 1300-MHz modulation imposed on

The minimum theoretical lin ewidth for sponta- the i0 .6-~m optical radiation f rom the CO. laser .
neous emission is established by the length of the This si gnal is proportiona l to the time-averaged
magnet . For the magnet in the experiment the gain (or absorption) per pass The instantan eous
minimum lie half -linewidth ( .~ v / e) is 0.3%. The peak gain is equal to the t ime-averaged gain d i -
broadening due to the finite length is homogene- vided by the electron-beam duty cy cle . i .e.. the
ous. There are also inhomogerieous effects , i n -  ratio of the electron bunch lengt h to the hunch
eluding the spread in energy and angu lar diver-  I)eriod (0 .56~~ . The instantaneous peak cain per
genre of the electron beam and the variation iii pass in Fig. 2(b) reaches 7~~. The instantaneous
magnetic field over the cross section of the beam , peak current  was 70 mA.

Figure 2(a) indicates the observed dep e-nc lcn c’e Figures 2(a) and 2(b ) i l l u s t r a t e  t h e  c o r r e l . i t i - n ,
( f l  the electron energy of the spontaneous power between the gain and the line shape for  s I) O f lt at l +  -

at 10.6 u r n . The mono chromat ,r was set at 10 .6 ous emission . Note that i i )  the gain f a l l s  to i t - F - -

fun while the e lectron energy f rom the  supercon - at the peak f t h e  spontane ou s  s p i - c t r u n . (2~ h a t -
duct ing accelerator was swept  through a range of is a net gain on the hig h-energy side ,ii,d n~ t i - -

approximately 2 in the v ic in i ty  of 24 Mt- V. The sorpt  ion on t ill - low—ener ~tv si de of i h i -  li n t- —slI .Ipe
reso lution of the n iono chron iator  was 0. 2~ , . The for sp-~t i t a i i - tu s emiss ion , and (3) the max , 1111101
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values of gain and absorption occur at the points The magnitude of the gain and the dependence of
of inflection of the spontaneous spectrum . the gain on the electron energy were observed to

Figure 2(b) was naade using r ight -c i rcular  po- be independent of the optical power density over
larization. The measured gain was zero for left- this range. The stimulated power radiated by the
circular  polarization . The observed gain for l in- electrons reached 4 x 1 0  W i n  these measure -
ear polarization was half the gain for r ight-circu- ments. This power was 10~ times larger than the
tar polarization . The magnitude of the gain was spontaneous power measured with the same elec-
observed to be a linear functi on of the electron tron current and corresponds to an energy loss of
current over a range of 5 to 70 mA. 60 keV per electron in passage through the helix .

Finally, the gain was measured at optical pow- According to Madey, Schwettman , and Fair-
er densities ranging from 100 to l .4x 10 1  W/cm 2. banic2 the gain due to stimulated bremsstr ahlung

I is given by

~~= ~PJlO~~~~~~
(

~~~ )A
2A 2B2

P F ( ~~ ~exp [- ~~~~~
‘

~ 2] - exp [_ [(Ov 
) _ 2 h v /

~nic 2
~
i2] 

} dB cm ’ , (2)

where p~ is the density of electrons in the electron beam (cm 3); A and e are the operating wavelength
and frequency (cm and Hz , respectively); Auì is the l/e half -linewidth for spontaneous emission (Hz) ;
~~~i- is the difference between the operating frequency and the emission line center (Hz); and F1, the
f i l l ing factor , is the ratio of the squares of the radii of the electron beam and the radiation field . The
filling factor is unity if the electron beam radius exceeds the radius of the radiation field .
The gain equation is for a helical magnetic field and for circularly polarized radiation propagating

parallel to the electron beam . Stimulated emission is possible only for that component of the stimulat-
ing radiation field which matches the polarization of the spontaneous radiation. The derivation as-
sumes a small signal and a weak magnetic field .

The first  exponential within the braces is due to stimulated emission and the second to absorption .
The line shape for stimulated emission and absorption have the same form as the line shape for spon-
taneous emission (a Gaussian line shape was assumed). For optical photons 2h ua/- ,mc 2 

‘..< .~ v/ v  and the
difference between the two exponentials is small . The gain is then proportional to the derivative of the
line shape for spontaneous emission and becomes independent of h. The derivative relationship is nice-
ly illustrated by the traces in Fig. 2. The maximum available theoretical gain is

~
. 2oI ’~~1)’~ (

uL)~ 3
~A q I

~B2Pe(~~) I~ dB cm ’. (3’

The functional form of the gain is constrained by
symmetry  and dimensionality. Th is is important however , random errors in the measurement
because the constraints establish scaling laws in- were negligible and the diff erence is believed to
dependent of the approximations used in computa- exceed the systematic error .
tion. Given that the gain arises from a second- These measurements have important device m i -
order process and is independent of /i , the small- plications . Lasers based on the stimulated emis-
signal  weak- f i e ld  gain must be linear in the elec- sion of bren asstrahlung have a potential for con-
t ron  current , quadrat ic  in the magnetic field , and tinuously tunable operation at high power. The
vary as - for uni ty  f i l l ing  factor  as in E q. (3) . current available from existing electron machines
The dependence on waveleng th is modified when indicates the possibili t y of laser operation from
the f i l l i n g  factor  is less than 1: For a fixed inter- the infrared to the ultraviolet . The instantaneou~+
- li t 0)11 lengt h ta d  opt imal  Guassian optics the f i l l -  peak current  f rom the  superconduct ing accelera-
ing f ac i o r  scales as - and the gain scales as tor can be raised to the ampere level by reducing

- the duty cycle , and c i r c u l a t i n g  peak cur ren t s  in
For the exp *-u - in i en t a l  conditions and with the as- excess of 10 A have been ob tained in e lectron

sun ption of an e f f e c t i v , - .irea of 0.33 cnl ì for the storage rings .’2
Eli .  - mode , the  calculated g ain  a t ta ins  a maxi— Use of a S ( I I r I I I Z P  r in g  would he p a r t i c u l a r l y  at—
mum va It , i-  of Sf for the 5. 2—rn interact ion length t rac t ive  I~I’t - .iu sc- i lic- i’f a c r c - l e r a t i i l g  I i t ’Id fo r theas pposed to 7 . t he  ob served value . The si g— ring would havi- to  supply  only the -ne r gv  actua  l iv
nificanci- f the di ft er i-nce is not yet established; t ransformed to radiation in th e  period u i e l i . Thc-
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overall  eff ic ienc y of such a system thus would not ~.j. M.  j .  Made~- , H. A.  Schwettman , and W. M. Fair—
be limited to the f ra ct ion of the electrons ’ energy bank , IEE E Trans . Nuci. Sci. 20. 980 (1973) .
convert ible to radiation in a single pass throug h 

A Whi le the published Compton —scattering gain formu-
the i nteraction region . The feas ib i l i ty  of the idea las can be reduced to a common functional form , the

numerical  factors are such that the predicte d gains dif-hinges on the form of the electrons’ phase-space fer by up to two orders of magnitude.
d is t r ibut ion a f t e r  passage through the periodic 4 j j  Drelcer , Phys. Fluids 7 , 735 (1964) .fi t-i d , a subjec t  cu r re n t l y under  study. 11. Fl .  Pantefl, G.  Soncini , and H. F. Puthoff , IEEE

An electron cur ren t  of the order of 1 A at 240 -J - Quantum Electron. 4 , 905 (1968) .
M i - V  would be suf f ic i en t  for laser operation at V. P. Sukhatme and P. A.  Wolff , J. Appl . Phys. 44 ,
1000 A for -L 1 -mn -i e lectron-beam cross section. 2331 (1973) .
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~ - ~,, Hirshfield , 1. B. Bernstein , and J. M. Wachtel,peri dI- field without evidence of saturation; the IEF }~ J . Quantum Electron . 1, 237 (1965) .corresponding power output b r  a 1-A . l0°-eV 9 V . 1.. Granatstein , M . Herndon , R . K. Parke r , and
electron beam would exceed l0~ W. S. P. Schlesinger , IEE E Trans . Microwave Theo ry
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